Quantitative ultrastructural observations have been made on the algal cells (Trebouxia) in two lichens, Parmelia sulcata and P. laevigata, stored for 48 h in the dark or under a light/dark regime. The response of the alga was found to differ in these lichens. In P. sulcata the dark treatment caused a decrease in starch grains, lipid-rich pyrenoglobuli and peripheral cytoplasmic storage bodies and an increase in pyrenoid and chloroplast protein bodies. The algae in P. laevigata contained little starch and no chloroplast protein bodies. However, after dark treatment, starch, cytoplasmic storage bodies and pyrenoid dimensions sometimes declined, while pyrenoglobuli numbers increased. Some of these apparent changes depended upon the units used for calculating the cross-sectional áreas of structures, e.g. absolute units, percentage of cell wall, protoplast or chloroplast cross-sectional área. Chloroplast área increased in the dark (as a % of cell wall área) in both species while mitochondria were larger in the dark in P. sulcata but not in P. laevigata. Ultrastructural changes were not clearly correlated with changes in photosynthetic and respiratory rates. These results directly support the suggestion that some intra-cellular structures are energy-generating reserves the dimensions of which can rapidly change.
INTRODUCTION
Lichen algae contain a number of structures which may act as reserves of energy-generating chemicals. Thus, chloroplasts may contain starch grains and lipid-rich pyrenoglobuli, in addition to the proteinaceous pyrenoid, and osmiophilic 'storage bodies' frequently occur beneath the plasma membrane within the cytoplasm (Jacobs and Ahmadjian, 1969; Ahmadjian, 1982; Holopainen, 1982; Scott and Larson, 1984; Ascaso, Brown and Rapsch, 1986) . Little direct information is available to demónstrate that these structures actually represen! materials which may be utilized under conditions of stress. Changes in the appearance and number of many of these structures have been reported in isolated Trebouxia at different light intensities (Fisher and Lang, 1971) , or with an added organic carbón source (Jacobs and Ahmadjian, 1971 ). In intact lichens, such changes have been observed at different times of the year (Ascaso and Galvan, 1976; Holopainen, 1982) or following stresses, such as desiccation (see references in 0305-7364/88/120625 + 08 $03.00/0 Ahmadjian, 1982; Ascaso et al., 1986 Ascaso et al., , 1988 . Recent work has shown that some of these changes, rather than reflecting the consequences of longterm physiological adjustments, may be rapidly induced during storage under controlled conditions (Ascaso et al., 1986 (Ascaso et al., , 1988 . With the introduction of quantitative methods for the study of cellular structures, it is now possible to investígate more directly the possible reserve nature of many of these components (Ascaso et al, 1985 (Ascaso et al, , 1986 (Ascaso et al, , 1988 Brown, Ascaso and Rapsch, 1987) .
Starch synthesis has been correlated with the incubation of lichens at intermediate thallus water contents. It has been suggested that, compared to fully hydrated material, a smaller proportion of photosynthetic producís is released from the algal to the fungal symbiont so that more is retained and converted to starch (Harris and Kershaw, 1971; Macfarlane and Kershaw, 1982; Ascaso et al., 1986) . While starch increases in senescent algal cells, probably also due to reduced translocation to fungal cells (Scott and Larson, 1984) , the loss of starch has not previously been investigated in either senescent or undamaged material.
Changas in pyrenoglobuli have also been related to desiccation stress. Although not an invariable observation, the movement of pyrenoglobuli to the periphery of the pyrenoid under desiccating conditions has been frequently commented upon (see Ahmadjian, 1982; Ascaso et al., 1986 for references) . It has been suggested that this may sometimes merely reflect desiccation-induced changes in the protein matrix of the pyrenoid (Ascaso and Galvan, 1976; Brown et al., 1987) . Ascaso et al. (1986) suggested that there was no clear evidence of the utilization of pyrenoglobuli during short-term desiccation experiments using Trebouxia in Lasallia pustulata. They showed that, while pyrenoglobuli numbers decreased on desiccation, their cross-sectional área increased so that the proportion of the pyrenoid matrix which they occupied remained constant. Ascaso et al. (1988) found that pyrenoglobuli numbers, in Trebouxia, altered to a greater extent during rehydration than during desiccation in the more desiccation sensitive Parmelia laevigata.
Peripheral 'storage bodies' have been reported to be larger and more lightly staining in two 7h?Z>o«;c¡a-containing lichens during the dry spring/summer months (Holopainen, 1982) . Ascaso et al. (1986) showed that brief desiccation stress ofLobaria amplissima decreased the numbers of 'storage bodies' in the alga Myrmecia but increased their average cross-sectional área. It is not clear whether staining density can be used as a measure of the amount of material within a storage body. Ascaso et al. (1988) considered the lighter colour of some lipoidal bodies may only reflect their position relative to the plañe of the section and Ascaso et al. (1985) related staining of storage bodies to the phosphate content of the fixative buffer.
The work reported here was performed to observe what changes occurred in structures previously implied to have a storage function, following relatively short periods of incubation in the light, when photosynthetic producís could be formed, or in the dark, when respiratory processes might be expected to cause the utilization of energy-generating reserves. Consideration is also given to the problem of choosing appropriate numerical methods of expressing morphometric data in order to obtain biologically valid comparisons. Two epiphytic species from the same genus, whose geographical distribution patterns apparently reflect different desiccation sensitivities, were investigated.
MATERIALS AND METHODS

Storage
Parmelia laevigata (Sm.) Ach. was collected from Holne Woods, near Ashburton, Devon and Parmelia sulcata Taylor from Chagford, Devon. Material was transponed to the laboratory in polythene bags and stored in a moist condition for 2 d on a 12 h light (135 /«mol nr2 s'1, 20 °C): 12 h dark (14 °C) regime.
Excised 1 cm lobe tips were transferred, 3 h into the light period, to transparent containers at 100% r.h. in (a) the dark or (b) a light (250 /¿mol ni"2 s^/dark regime. Both treatments involved the above, alternating, temperature conditions. Samples were fixed after 3 d incubation, the light/dark samples being fixed 3 h after illumination commenced.
Fixation
Samples, taken 2-3 mm behind the lobe margin from 2-4 thalli, were vacuum infiltrated and fixed in 3T25% glutaraldehyde in 0-05 M phosphate buffer, pH7T, for 3 h at 4 °C. Samples were washed in phosphate buffer overnight at 4 °C, post-fixed in 1 % osmium tetroxide for 3 h, dehydrated in ethanol and embedded in Spurr's (1969) resin. Specimens were sectioned, stained with lead citrate (Reynolds, 1963) and observed in a Philips E.M. 300 electrón microscope.
Measurements
A MOP-Videoplan (Kontron) semi-automatic digitizing image analysis system was used to quantify changes in pyrenoid dimensions. Measurements were made on 30 sections, taken from 2-3 resin blocks, in which pyrenoids were visible. Data are presented ± the s.e. Gas exchange measurements T • , . , , concentration in sealed glass bottles being meas-Lichen respiration and photosynthesis was deter-ured at 18 °C by the method of Snelgar Brown mmed by mfra-red gas analysis, changes in CO2 and Oreen (1980) .
RESULTS
The photosynthetic and respiration rates of Parmelia sulcata and P. laevigata samples at the end of the dark (D) or light/dark (L/D) treatments are recorded in Table 1 . Photosynthetic rates were similar in both species and were very slightly increased after the D treatment, the percentage increase being greater in P. sulcata. Respiration rates were lower in P. laevigata than P. sulcata, but the D treatment caused a greater percentage increase in the former species.
Both P. sulcata and P. laevigata contain the chlorophycean algal genus Trebouxia which possesses a large centrally placed chloroplast containing a substantial pyrenoid, cytoplasmic ' storage bodies' located beneath its plasma membrane, and mitochondria ( Fig. 1 ). Pyrenoglobuli are present in the pyrenoid of both species and are clearly associated with the simple thylakoid invaginations found in P. sulcata pyrenoids ( Fig.   1 A, B) (Brown et al., 1987) . The larger number of pyrenoglobuli in P. laevigata (Fig. 1C, D) are not so clearly related to the thylakoid reticulum present in this species (Ascaso et al, 1988) . P. laevigata has a more oceanic distribution in the British Isles and is considered to be a more desiccation-sensitive species than the more ubiquitous P. sulcata (Ascaso et al., 1988) .
Data in Table 2 show the dimensions of various cellular features in samples of the two Parmelia species after storage in the L/D ( Fig. 1 A, C) or D ( Fig. 1 B, D) conditions. Two modes of expression are presented; (1) in absolute units and (2) expressing the cross-sectional área of structure as a percentage of the cross-sectional área of the inner surface of the cell wall. The latter expression compénsales for the substantially larger wall circumference (and henee cell volume) in the L/D incubated samples. Expressed in absolute units the protoplast dimensions were greater in L/D samples but equal in P. laevigata or lower in P. sulcata, Mitochondria in P. laevigata were always larger after the L/D treatment, irrespective of mode of calculation, while in P. sulcata they were somewhat larger under the D treatment. These differences were only statistically valid for P. laevigata in absolute terms and for P. sulcata on a percent wall área basis.
In P. laevigata the uncorrected pyrenoid dimensions appear larger in the L/D treatment, but after correction for wall dimensions (Table 2) or protoplast área (D = 13-72% ±0-72, L/D = 13-47% ±0-79) this difference disappeared. However, expressing the pyrenoid dimensions per unit área of the chloroplast suggests a slightly larger pyrenoid in the L/D (16-36% ±1-13) rather than D treatment (15-79% ±0-84), but this is not statistically significant. In P. sulcata, uncorrected pyrenoid dimensions suggest the reverse situation, larger in D than L/D conditions, and this is sustained when calculated on a wall área basis (Table 2) , protoplast área basis (D = 11-58% ±0-72, L/D = 9-40% ±0-42) or chloroplast basis (D= 13-78%±0-86, L/D= ll-78% + 0-51). The chloroplast of P. sulcata contains, in addition to the pyrenoid, a number of presumed proteinaceous bodies within its stroma which are not membrane bounded (Fig. 2) . The total área of these bodies was slightly larger in the D treatment, irrespective of the method of calculation. The combined área of insoluble protein (pyrenoid plus protein bodies) was thus larger in the D treatment in this species. No such protein bodies have been detected in the chloroplast of P. laevigata, and heneé the pyrenoid remains, potentially, the main protein reserve in the chloroplast and/or cell.
Cytoplasmic 'storage bodies' were present in both Parmelia species. In both cases they appeared to occupy a larger proportion of the cell following L/D treatment. In P. laevigata this difference disappeared when áreas were calculated on a wall or cytoplasm área basis. In P. sulcata, the área of storage bodies in the D treatment was very small by any method of calculation, whereas in L/D the área occupied was comparable to that of P. laevigata in D or L/D. No detectable starch was found in P. sulcata in the dark, but was present in large amounts in L/D treated material. Only very small quantities of starch were detected in P. laevigata, although again there was more present in the L/D treatment irrespective of the method of calculation.
Pyrenoglobuli numbers in P. sulcata, with any method of calculation, (Table 3) showed lower densities (P < 0-01) in dark-stored material. Pyrenoglobuli were clearly distributed towards the outer margin of the pyrenoid matrix in darkstored material of this species. Total pyrenoglobuli numbers in P. laevigata appear to be identical in both L/D and D treatments. However, when their numbers are expressed on a wall, cytoplasm, chloroplast or pyrenoid área basis, the dark-stored material always showed a statistically significantly greater pyrenoglobuli density. There were no obvious differences in pyrenoglobuli distribution within the pyrenoid under the two storage conditions in P. laevigata.
DISCUSSION
The results presented here show that there are a number of qualitative and quantitative changes caused by incubating lichen thalli in continuous darkness or an alternating light/dark regime.
Moreover, although the two Parmelia species contain the same algal genus (Trebouxia), these treatments did not produce identical results. Many of the differences noted here were only reliably detected because quantitative data was available. The use of different methods of expressing such data has also increased the biological comprehensibility of the diíferences detected.
For both species it is presumed that readily available storage compounds may be utilized under non-photosynthetic conditions, as the material remained sufficiently hydrated during the incubation period to sustain high rates of respiration. Utilization of a reserve product may be assumed to cause a decrease in cross-sectional área and therefore, because of the near radial symmetry of the algal cells, a comparable change in volume.
In both P. laevigata and P. sulcata, starch present in the chloroplasts following L/D treatment was either reduced or lost after the D treatment, índicating its ready Utilization under starvation conditions in both species. P. laevigata synthesized little starch under the L/D conditions, suggesting it has little capacity for production of reserve compounds under the conditions employed. However, this species did form cytoplasmic 'storage bodies' with comparable dimensions to those formed by P. sulcata in the light. The apparent slight decrease in 'storage body' volume in the dark suggests only limited Utilization of reserve materials in P. laevigata, whereas P. sulcata appeared to have a higher demand for such materials, as shown by its higher respiration rate (Table 1) .
Pyrenoglobuli have been frequently considered as an energy-generating reserve material, but this has never been directly demonstrated. The decline in pyrenoglobuli numbers in dark-stored P. sulcata (Table 2) apparently supports this suggestion. However, the reverse occurred in P. laevigata, lower numbers being present after L/D storage. Unfortunately it is not known whether pyrenoglobuli volume or amount changes; numbers alone may be a poor measure of the quantity of reserve material present. The small size of pyrenoglobuli, especially in P. laevigata, precludes accurate área measurement at the magnification required for comparison and measurement of other cellular structures. The comment of Ascaso et al. (1988) that density of staining may partly reflect pyrenoglobuli orientation relative to the plañe of section, as much as their lipid contení, makes estimates of the total amount of pyrenoglobuli material unreliable.
Changes in organelle volume appear to have been rather variable. Chloroplasts were larger in the dark in both species, while mitochondria were larger in the dark in P. sulcata but smaller in P. laevigata. In both cases the difference between D and L/D dimensions were least in P. laevigata, which, like the utilization of potential reserve materials, suggests that it is a less responsive species.
The observed smaller chloroplast cross-sectional área in L/D material agrees with observations made on other plant groups (Kirk and Tilney-Bassett, 1978) and is the consequence of water efflux. Mitochondria swell when actively respiring and phosphorylating (Lehninger, 1964) , especially in the presence of inorganic phosphate. It is not clear whether the swelling observed in the L/D conditions with P. laevigata and in D with P. sulcata indícales that difieren! conditions enhance respiratory activities in the two species. The apparent utilization of starch reserves and ' storage bodies' in D-treated P. sulcata may reflect a period of enhanced respiratory activity in the dark, resulting from the reléase of respirable reserves. In the dark, P. laevigata, due to its lower capacity to form starch in L/D, might appear to be deficient in respirable reserves. However, the large size of the cytoplasmic 'storage bodies' in this species and presence of numerous pyrenoglobuli, could also be interpreted as indicative of high available energygenerating reserves, causing mitochondrial swelling in both treatments. The failure to synthesize appreciable quantities of starch in P. laevigata under the L/D conditions may merely reflect a different pattern of photosynthate partí tioning in this species or different light and/or water contení requirements. P. laevigata appears to be restricted to wet, oceanic conditions, whereas the more desiccation-tolerant P. sulcata has a much more wide ranging distribution (Seaward and Hilch, 1982) . It is probable that the former species may require a higher thallus water contení to sustain active metabolism. Slorage at 100% r.h. may not, therefore, maintain the thallus water contení at a suíncient level lo permil Ihe build-up or utilization of metabolic reserves.
Direcl measuremenls of respiralion and pholosynthesis (Table 1) appear to be of little valué in supporting hypolheses, based on ultrastructural data, about the availability of respirable reserves. Pholosynlhelic rales were comparable in the two species, therefore yielding potenlially similar amounls of respirable materials. However, respiration rales in P. sulcata were more Ihan twice those of P. laevigata under all conditions, although there was greater enhancement of respiration in the dark in P. laevigata. Unfortunately these measurements represent Ihe gas exchange of the intact lichen, where the majority of the respiratory activity can be presumed to come from the fangal, rather than Ihe algal component, since the former generally represents at least 90% of the lichen mass. In addition, the ultrastructural data may show Ihe consequence of previous metabolic activity, whereas the gas exchange data relates to the immediate condition of the material. Thus starch may have been consumed in P. sulcata during the D treatment, resulting in insufRcienl respirable residues to show enhanced respiration when assayed at the end of the period but still suíncient to show enlarged mitochondria.
Another feature in which the two Parmelia species differed in their response to the treatment conditions was thal, in P. sulcata, D treatment clearly induced an increase in the pyrenoid volume, whereas in P. laevigata there was no obvious change. In P. laevigata chloroplasts there were no other detectable protein bodies aparl from the pyrenoid but in P. sulcata such protein bodies, while not numerous, increased during treatment. The pyrenoid is generally considered to be mainly formed from insoluble ribulose-bis-phosphate carboxylase enzyme molecules (GrifHths, 1980) . It is possible that the non-pyrenoid protein bodies may also constitute an insoluble form of the same enzyme. In other plant cells it is known to crystallize out under stress conditions which result in the loss of water from the chloroplast or which inhibit photophosphorylation (Kwok, Kawashima and Wildman, 1971; Butler et al., 1972; Wrischer, 1973) .
These results indícate that changes can occur rapidly in the dimensions of many organelles and reserve materials in Trebouxia cells in the two Parmelia species studied here. Future workers should be aware that the conditions immediately prior to fixation can cause significant changes which may not reflect the long-term conditions. The pattern of response to periods of D or L/D incubation differed between P. sulcata and P. laevigata, with the latter apparently being less responsive to these conditions. Extrapolation from one lichen species to another with the same genus of algal symbiont needs to be made with care.
